Aims: Volatile phenols (4-ethylphenol and 4-ethylguaiacol) affect wine quality by imparting, above certain concentrations, aroma defects. This work aimed to evaluate the effect of some common oenological practices on the concentration of volatile phenols and the sensory impact of these odour-active compounds in wines.
INTRODUCTION
Volatile phenols (4-ethylphenol and 4-ethylguaiacol) are aromatic compounds mainly produced by the yeasts Brettanomyces/Dekkera. Above certain concentrations, these compounds impart aromas normally described as "horse sweat", "animal", "leather", "medicinal", "spicy", etc. (Heresztyn, 1986 , Chatonnet et al., 1995 , Edlin et al., 1995 , Chatonnet et al., 1997 . The presence of these compounds in wine is currently of great concern among wine producers and is being considered a key point in the control of wine quality. In red wine, the detection threshold of ethylphenols has been reported to be 426 µg/L for a 10:1 mixture of 4-ethylphenol and 4-ethylguaiacol (Chatonnet et al., 1992) . However, the threshold concentrations of these compounds can vary substantially, the perception being greatly influenced by the wine style, the grape variety used and the consumer's perceptive ability (Ribéreau-Gayon et al., 2000 , Phister and Mills, 2004 , Fugelsang and Edwards, 2007 , Oelofse et al., 2008 .
The precursors of volatile phenols are natural constituents of grape juice and wine -the hydroxycinnamic p-coumaric and ferulic acids (Heresztyn, 1986 , Chatonnet et al., 1995 . The transformation of these compounds involves a sequence of two enzymatic reactions. In the first reaction, the hydroxycinnamic acid is decarboxylated into the corresponding vinyl derivative (4-vinylphenol from p-coumaric acid or 4-vinylguaiacol from ferulic acid); in the second reaction, a reductase converts the vinyl into the corresponding ethyl compound (4-ethylphenol or 4-ethylguaiacol) (Heresztyn, 1986) .
The origin and the sensory impact of these compounds, as well as the characterisation, detection and control of Brettanomyces/Dekkera have been well studied over the past 15 years. Nevertheless, the extensive information that has been accumulated on this subject has not been sufficient to enable producers to eradicate the contamination by spoilage yeasts and the subsequent development of spoilage characteristics. Thus, defence strategies based on the prevention of contamination, the control of microbial growth or the elimination of microorganisms from wine, whilst contributing greatly to the reduction in the incidence of spoilage, cannot always be counted on to achieve the desired effect. Alternatively, curative measures based on the removal of the odouractive compounds and/or on the reduction of the sensory effect by masking agents may provide methods for the recovering of tainted wines to acceptable quality levels. Whilst potential remedial measures can be found in the scientific literature, apparently nothing has been demonstrated in practical conditions. Some studies have demonstrated that yeast cell walls have a good capacity to adsorb phenolic compounds, specifically anthocyanins and compounds responsible for the browning of white wines (Razmkhab et al., 2002 , Morata et al., 2003 . Differences in anthocyanin adsorption capacity have been observed between the different yeast strains tested, possibly due to variation in the composition of yeast cell walls. Chassagne et al., (2005) studied the capacity of Saccharomyces cerevisiae yeast lees to sorb 4-ethylguaiacol and 4-ethylphenol. Active dry yeast was found to be more effective when volatile phenols were diluted in red wine than in synthetic medium. Wine yeast lees showed a higher affinity for volatile phenols than active dry yeast. The effect of yeast lees on volatile phenol sorption was found to be sensitive to yeast autolysis level and to physicochemical parameters, such as ethanol content, temperature and pH. The clarification of wines with casein or potassium caseinate was also mentioned as capable of reducing the concentration of volatile phenols (Ruiz-Hernández, 2003) . We note that this study has based its conclusions on sensory analysis only and has used wines with low levels of ethylphenols. More recently, Ugarte et al., (2005) used a two-step process that uses reverse osmosis and an ionexchange treatment column to remove Brettanomycesinduced odour-active compounds. Wines subjected to this treatment showed a 50-70 % reduction in the concentration of 4-ethylphenol and 4-ethylguaiacol. The colour, body and ethanol concentration of the wines did not change significantly, but a significant reduction in the concentration of certain aromatic compounds (higher alcohols, esters, acids, and phenolic compounds) was detected. Thus, caution should be taken due to the risk of stripping the wine of desirable flavour/aromatic components.
The objective of this work was to evaluate the ability of some common oenological practices to decrease the concentration of 4-ethylphenol and 4-ethylguaiacol and/or to reduce the negative sensory impact of these odouractive compounds. It is aimed to find solutions particularly applicable in a winemaking environment, thus presenting important advantages to the wine industry.
MATERIALS AND METHODS

Wines
The red wines used in this work (from the Tejo Demarcated Region, Portugal, 2005 vintage) contained levels of volatile phenols above the odour threshold due to natural microbiological contamination. Upon sensory detection of the characteristic phenolic aroma, 4-ethylphenol and 4-ethylguaiacol were quantified by GC-FID (gas chromatography-flame ionisation detection). The wine used in assays 1 and 2 contained approximately 3200 µg/L of 4-ethylphenol, while the 3 wines used in assay 3 contained approximately 1250 µg/L (DB14), 1600 µg/L (CC8) and 2000 µg/L (AC3) of 4-ethylphenol.
After the detection of volatile phenols, free SO 2 was adjusted to 60 mg/L in all wines. Basic parameters are shown in Table 1 .
Treatments
The following treatments, each performed in triplicate, were applied to wines in dark green 1.5 L glass bottles. Wines were stored at room temperature before and after being subjected to the different treatments. Appropriate controls, i. e., wine simply held or agitated for the same duration as the treatments, were prepared. a. Assay 1 Gum arabic : 4 ml of Filtrostabil (Martin Vialatte Oenologie, Epernay, France) was added to 1.5 L of wine (267 ml/hL) (recommended dose: 30 -200 ml/hL). The wine was stirred with a magnetic stirrer for 5 minutes and racked 1 week later.
Atomised egg albumin : 0.6 g of Ovocol (Martin Vialatte Oenologie, Epernay, France) was dissolved in 6 ml of water (15 ºC) and then added to 1.5 L of wine (40 g/hL) (recommended dose: 10 g/hL) under magnetic agitation for 5 min. The wine was racked 1 week later.
Red wine fine lees 2005: Lees collected from different wines after malolactic fermentation were mixed, then pH was adjusted to 2.7 (with tartaric acid) and total SO2 was adjusted to 500 g/hL. Lees were agitated 3 times/week in the first 6 months and once a week thereafter. Fifteen mL of lees was added to 1.5 L of wine (1 % v/v) under magnetic agitation for 5 min. The wine was racked 1 week later.
Oak chips : 5 g of American oak chips (Axon corporation, USA), with strong toasting, was added to 1.5 L of wine (333 g/hL). The wine was racked after 18 days of contact.
Dairy cream: 6 g of cream (Parmalat, Sintra, Portugal) was added to 2 l of wine (300 g/hL) under agitation with a Ufesa Brio 300W homogeniser (Ufesa, Spain) for 2 min. The wine was racked twice, 24 h and 12 days later.
Mannoproteins : 1.5 g of Mannostab (Laffort, Bordeaux, France) was added to 1.5 L of wine (100 g/hL) (recommended dose : 10 -30 g/hL) under magnetic agitation for 5 min. The wine was racked 1 week later. Oak chips : Oenotannin DC 310 (Oenofrance, Bordeaux, France), with strong toasting, was added to 3 L of wine to final concentrations of 1 g/L and 3 g/L. The wine was racked and filtered (Whatman no 1 filter paper) after 10 days of contact.
Yeast cell walls : Extraferm (DSM, Heerlen, The Netherlands) was added to 1.5 L of wine to final concentrations of 1 g/L and 3 g/L under magnetic agitation for 5 min. The wine was racked and filtered (Whatman no 1 filter paper) 1 week later.
White wine fine lees 2006: Before use, lees collected after alcoholic fermentation were treated as described above for red wine fine lees 2005. Lees were added to 1.5 L of wine to final concentrations of 1 % and 3 % (v/v). Dairy cream: Cream (Parmalat, Sintra, Portugal) was added to 1.5 L of wine to final concentrations of 1 g/L and 3 g/L under magnetic agitation for 5 min. The wine was racked and filtered (Whatman no 1 filter paper) 1 week later.
Potassium caseinate: 3 g of potassium caseinate (A. Freitas Vilar, Lisbon, Portugal) was dissolved in 20 mL of water at room temperature and then added, drop by drop, to 1.5 L of wine (2 g/L) under magnetic agitation for 20 min. The wine was racked and filtered (Whatman no 1 filter paper) 72 h later.
Chromatographic analysis of volatile phenols
Wines were centrifuged (3000 g, 10 min) and the volatile phenols were analysed according to the method developed by Bertrand (1981) . Fifty µL of 3-octanol (internal standard, 1.073 g/L) was added to 50 mL of wine. This mixture was successively extracted with 4.0 mL, 2.0 mL and 2.0 mL of ether/hexane (1:1, v/v) by stirring for 5 min. The organic phases were collected, mixed, and concentrated under a stream of nitrogen to approximately one-third of the original volume. Two µL of the extract was injected into a Perkin Elmer GC-FID (Shelton, CT, USA). The column used was a FFAP type (BP 21, 50 m x 0.25 mm x 0.2 µm) from SGE (Austin, Texas). The injector (split/splitless) was heated to 250 ºC with a split flow of 30 mL/min and a splitless time of 0.3 min. The carrier gas flow was adjusted to 1 mL/min. The oven temperature was maintained at 40 ºC for 5 min after the injection and was then increased to 220 °C at a rate of 2 ºC/min. This temperature was maintained for 20 min. The standard error of the method is approximately 10 µg/L.
Sensory analysis
The effect of the various treatments was evaluated by sensory analysis through multiple comparison tests. Tastings were conducted in a specialised white sensory evaluation laboratory at room temperature (19 ± 2 °C). The wines were stored in a dark cabinet at room temperature. The bottles were open 15 min prior to each session and panellists were served approximately 40 mL of wine per sample. Panellists were asked to score on a -3 to +3 scale the intensity of volatile phenols in comparison to the control wine (non treated, score = 0). Anchor terms were placed at the extreme ends of the scale line (-3: less volatile phenols than the control wine; +3: more volatile phenols than the control wine). The sensory analysis panel was composed of 7 trained judges with experience in wine sensory evaluation, in particular in the detection of the characteristic phenolic aroma.
The data obtained were converted to a 0 to 6 scale, in which the control received the fixed score of 3. Results were submitted to statistical analysis: analysis of variance (ANOVA double factor with no repetition, 95 % probability) and Tukey test.
RESULTS AND DISCUSSION
The wine used in assay 1 contained 3199 and 422 µg/L of 4-ethylphenol and 4-ethylguaicol, respectively, due to natural microbiological contamination. Table 2 shows the effect of several oenological practices on the concentration of these compounds. It can be seen that the treatments with fine lees 2005 and cream led to a reduction in the concentration of volatile phenols by about 35 %. The effect observed for cream (used in wines, in the past, as a deodorant agent) might be related to the presence of casein in its composition (approximately 3.3 g/100 mL; Food Standards Agency, 2002). Besides the capacity to remove iron, thus protecting against ferric instabilities, this protein binds with high affinity to polyphenols, contributing to the reduction in the browning of white wines (Bertrand et al., 2000) . Ruiz-Hernández (2003) noticed a reduction in the phenolic character of wines treated with casein or potassium caseinate. Yeast cell walls, which are essentially composed of polysaccharides (ß-glucans) and glycoproteins (mannoproteins), have been shown to be able to adsorb volatile phenols (Razmkhab et al., 2002 : Morata et al., 2003 Chassagne et al., 2005) . Based on this attribute, two treatments were tested in this work : addition of fine lees and mannoproteins. While the application of fine lees led to a 30-35 % reduction in the concentration of volatile phenols, the mannoproteins did not exhibit any effect. This result suggests that mannoproteins, at least when isolated from the cell walls, are not capable of removing volatile phenols and that other components of lees may be responsible for the sorption of these compounds. The application of mannoproteins is intended for the stabilisation of phenolic compounds, tartaric salts and proteins but not formally for the removal of volatile phenols (Bertrand et al., 2000 , Caridi, 2006 . Fine lees may contain yeasts at different levels of autolysis (Delteil, 2002) and, according to Chassagne et al., (2005) , autolysed yeast biomass has a higher uptake capacity of volatile phenols than non-autolysed yeast.
The wines treated with gum arabic (Filtrostabil), egg albumin (Ovocol) and oak chips did not undergo significant changes in the concentration of volatile phenols, suggesting the inability to establish molecular interactions with these compounds. The application of nitrogen to evaluate an eventual loss of volatile phenols by stripping did not generate any significant effect.
The impact of the different treatments on the sensory perception of the spoilage characteristics of volatile phenols was also studied. The panellists scored the samples in terms of perceived intensity of volatile phenols in comparison to the control (non treated wine). Figure 1 shows that the wines treated with fine lees, oak chips and cream were considered significantly less intense than the control in terms of volatile phenols. The results obtained for treatments with fine lees and cream are in agreement with the quantification analysis of volatile phenols ( Table 2 ). The wine treated with oak chips, despite the absence of reduction in the concentration of volatile phenols, was considered the one in which the characteristic spoilage aromas were less evident. The masking effect caused by the woody aromas is most likely responsible for this result. It is important to note that the wine treated with fine lees was described as more fresh and fruity than the control wine (data not shown). On the other hand, unpleasant dairy notes were detected in the wine treated with cream.
Since the above results highlight the potential of lees in reducing volatile phenols in wine, some commercially available products based on autolysed wine yeasts were tested (assay 2). The treatments used and their effects are depicted in Table 3 . Again, the ability of fine lees to reduce the concentration of volatile phenols is shown. This effect was also found for the heavy lees, although with a lower percentage removal, which may be linked to the fact that heavy lees contain a lesser proportion of intact yeast material (being obtained immediately after the end of alcoholic fermentation when the major parts of yeasts are still in suspension). According to Delteil (2002) , heavy lees are composed of vegetal particles, agglomerations of tartaric crystals, yeasts, colouring matter and precipitated tannins and flakes derived from reactions between proteins, polysaccharides and tannins during maceration. These particles sediment within 24 h and display sizes varying from 100 µm to a few mm. Yeast cells may be entrapped in the agglomerates, thereby becoming less available to sorption interactions with other compounds.
Fine or light lees are composed of particles that remain suspended 24 h after the wine has been moved (draining, racking, stirring, pumping, etc.) and are constituted of yeast alone (towards the end of alcoholic fermentation) or yeast and lactic acid bacteria (towards the end of malolactic fermentation) at a concentration of 30 to 100 g/L of wine (Delteil, 2002) . The Extraferm (yeast cell walls) was found to have a similar effect as the heavy lees. The lower capacity in comparison to fine lees may be due to the fact that the sorption efficiency of isolated cell walls is lower than the equivalent amount of complete yeast cells (Razmkhab et al., 2002) . Chassagne et al., (2005) found a larger affinity of volatile phenols for wine yeast lees than for active dry yeasts or yeasts obtained from the fermentation of synthetic musts. Oenolysat, mainly composed of compounds released from the hydrolysis of the cell walls, did not show any influence. This is not in agreement with Chassagne et al., (2005) , who observed that autolysed yeasts have high volatile phenol uptake capacity. The impact of the different treatments on the sensory perception of the volatile phenols was also studied. Figure 2 shows that the wines treated with lees, either fine or heavy, were significantly different from the control. Concerning the wine treated with fine lees 2006, the result was in accordance with the chemical analyses ( Table 3) . All tasters noticed an increase in the fruity character of this wine, perhaps due to the release of aromatic compounds into the wine. This can also explain the result obtained in the wine treated with heavy lees 2006.
The most efficient treatments (fine lees, oak chips, cream and Extraferm) found in assays 1 and 2 were applied in two concentration levels to 3 different wines (assay 3) : DB14, CC8 and AC3 with 1256, 1595 and 2029 µg/L of 4-ethylphenol, respectively. This part of the work aimed to ascertain whether the efficacy of the treatments depends on the dose applied and on the level of volatile phenols in wines. A treatment with potassium caseinate was also performed to evaluate whether or not casein has a similar effect as cream. The results of the effect on the concentration of volatile phenols are shown in Table 4 . As can be observed, the treatments with lees, cream and potassium caseinate showed the highest influence on the concentration of 4-ethylphenol and 4-ethylguaiacol. Contrasting with assay 1, the treatment with oak chips caused a small decrease in the concentration of volatile phenols, probably due to a sorption effect of wood components. Barrera-Garcia et al., (2008) showed that components of plant cell walls (cellulose, hemicellulose and lignin) have the ability to sorb phenolic compounds such as 4-ethylguaiacol and 4-vinylguaiacol. As also found in assay 2, the Extraferm had a lower effect than the lees. The percentage removal of 4-ethylphenol by the white fine lees 2006 varied between 25 and 36 %: the higher the concentration of 4-ethylphenol in the wine, the higher the percentage of removal. The quantity of lees used (1 and 3 %) did not influence the amount of 4-ethylphenol eliminated. A similar behaviour was found in the wines treated with cream. Potassium caseinate was able to remove volatile phenols, supporting the hypothesis that casein plays a role in the observed effect caused by cream. In spite of contributing more casein, the removal effect of potassium caseinate was not considerably higher than that of cream.
The impact of the different treatments on the sensory perception of the volatile phenols was evaluated (Table 5) . Treatments with letter c are the most significantly different from the control, followed by those with letter b. The wines treated with Extraferm and potassium caseinate, although showing a reduction in the amount of volatile phenols, were not significantly different from the control in the sensory analysis. The results obtained strongly indicate that the application of cream, besides diminishing the concentration of volatile phenols, overlaps the typical aroma of these compounds. The panellists were unanimous in considering theses wines as strongly marked by dairy aromas. The wines treated with fine lees and oak chips were considered the most different from the control in the 3 wines studied. In the case of oak chips, this was mainly due to an overlapping effect of aromas (woody aromas over phenolic aromas), which was stronger with when naturally released at the right level, amino acids and nucleic acids (known in the food industry as flavour enhancers) participate in amplifying the intensity of taste sensations and complex aromatic aftertaste (Delteil, 2002) .
CONCLUSIONS
The results obtained in this work demonstrate that certain common oenological practices are capable of reducing the adverse effect of volatile phenols, thus improving the quality of the affected wines. The negative impact of volatile phenols was reduced due to its partial elimination and/or the masking effect caused by compounds released into the wine. The most beneficial treatments were the application of lees and oak chips. It would be interesting to test the combination of both in future works; the combined effect would permit the reduction of the amount of oak chips used, thus avoiding any excessive influence of wood on the aroma of the wine. It has also been clearly demonstrated that not all treatments capable of reducing the impact of volatile phenols exhibit an overall positive influence on the quality of the wine, as it happened with the application of cream.
Prevention is the best strategy to control wine spoilage by Brettanomyces/Dekkera, e.g., by the application of high levels of hygiene and avoiding cross contamination. It is also important to apply reliable methods for the detection of contaminants before the wine quality is severely altered. There are a number of ways to hinder the growth of Brettanomyces/Dekkera, e.g., through the use of appropriate antimicrobial agents (SO 2 , dimethyldicarbonate, etc.) and storage under adequate conditions. If these control strategies do not produce the desired effect, as it seems to happen quite frequently, the last alternative is the application of curative measures. The present work contributes to the knowledge of common oenological practices that show the ability to reduce or eliminate the negative sensory impact of volatile phenols in wines. These solutions are applicable in a winemaking environment, thus presenting important advantages to the wine industry. Table 5 -Perceived intensity of volatile phenols in the control and in the treated wines of assay 3 (3 -equal to control; 0 to 3 -less intense than the control; 3 to 6 -more intense than the control) (values are the average of 3 experiments ± standard error).
Different letters indicate samples significantly different as revealed by the Tukey test (at 95% probability). In each wine, treatments are placed in order of perceived intensity, from the highest to lowest.
